Abstract-In electrical capacitance tomography, capacitance changes are used to determine the permittivity distribution in the imaging area. However, the changes are small compared with the standing capacitances, e.g., usually in the order of 10%-30%. For a single channel capacitance sensor, a differential configuration having a redundant pair of electrodes can be used to cancel the standing capacitance. However, there has been no report so far introducing such differential configuration into electrical capacitance tomography (ECT) sensors. This is mainly due to the fact that an ECT sensor is composed of an array of electrodes, e.g., 8, 12, and 16 and the capacitance measurements in ECT are required to interrogate capacitances of all electrode pair combinations, which introduce significant difficulty for a differential configuration. In this paper, a novel differential ECT sensor is proposed and designed, which consists of concentrically arranged dual array electrodes. It can also be thought as an additional array of electrodes being inserted between the measuring electrodes and the outer screen of a conventional ECT sensor. The new sensor design has been validated by the numerical simulation. A prototype sensor has been developed and evaluated with an field programmable gate arrays (FPGA)-based ECT measurement system, showing that with the proposed differential sensor, the dynamic range of the measured capacitance is reduced by ∼80% and an average improvement of 10.8 dB in signal-to-noise ratio is achieved.
I. INTRODUCTION

E
LECTRICAL capacitance tomography (ECT) is one of the most developed tomographic modalities among many industrial process tomography techniques [1] , [2] . The basic principle of ECT is to obtain the capacitances and changes between electrode pairs, and reconstruct a cross-sectional image representing the concentration and/or distribution of dielectric materials in the region of interest. The advantages of ECT over other industrial process tomographic modalities are fast response, no radiation, non-intrusive and/or non-invasive, low cost, and good adaptability to hostile environments, e.g. high temperature, high pressure and corrosive flows. In the last three decades, the ECT technique has experienced rapid development and been employed successfully in many industrial applications, including measurements of oil-gas flows, pneumatic conveying flows, wet gas separation and gas-solid cyclones [3] - [10] .
Many papers have been published regarding the ECT image reconstruction and hardware designs, including some review papers [11] - [13] . A review paper on ECT sensor has described and discussed some key issues in designing a conventional circular ECT sensor, as well as some non-conventional ECT sensors, e.g. square, conical and 3D sensors [14] .
As shown in Fig. 1 , the conventional ECT sensor consists of a number of measuring electrodes (8, 12 or 16) , earthed screens (including the outer screen, axial end screen and radial screens), and driven guard electrodes. The earthed screens can provide a closed electric field space for capacitance measurements, which help isolate the external electromagnetic interference and reduce the dynamic range of the measured capacitances.
While the standing capacitances take up most of the dynamic range of the measuring circuit, it is the capacitance changes that are actually used for image reconstruction. Usually, it is not necessary to obtain the absolute capacitances in ECT measurements primarily because of: (1) the sensitivity matrix for ECT imaging can be obtained by numerical method with satisfied precision in most cases, and (2) most algorithms use normalised capacitances rather than absolute capacitances for producing images. Taking a typical 12 electrode ECT sensor for example, the standing capacitances of an adjacent electrode pair and an opposing electrode pair would be 0.5 and 0.01 pF, respectively. Considering that the changes in capacitances are much smaller, e.g. from 0.1 fF to 0.1 pF, the cancellation of the standing capacitances at the input of the measuring circuit can bring great benefit to ECT measurement by limiting the dynamic range of the measured capacitances. In fact, if the standing capacitance could be cancelled, the so-called two-point calibration in ECT, e.g. sensor calibration with low and high permittivity materials, may be simplified to 'one-point' calibration.
As shown in Fig. 1 , the radial screens can reduce the standing capacitances of adjacent electrode pair. However, direct measurement of the change in capacitance is still not applicable with such ECT sensor. In this paper, an ECT sensor with differential configuration is presented.
II. METHOD
A. Standing Capacitance
The existence of the standing capacitance adversely affects the measurement precision in an ECT system. The model of an adjacent electrode pair is shown in Fig. 2 (a) to illustrate inter-electrode capacitances.
It can be found that the capacitance between the adjacent electrode pair consists of two parts, e.g. C m and C e . In this case, the capacitance C e forms part of the standing capacitance, while the stray capacitances C s1 and C s2 do not affect the output of an AC based capacitance/voltage (C/V) circuit. By adding a radial screen between the adjacent electrodes, C e can be converted into stray capacitances, e.g. C s1 and C s2 , as shown in Fig. 2 (b) . By taking advantage of the stray immune characteristic of AC based C/V circuit, the effect of stray capacitances is greatly reduced/eliminated. In this way, the standing capacitances of the adjacent electrode pairs are reduced.
In addition to C e , two other factors should also be taken into consideration when analysing the standing capacitances. Let us consider a model shown in Fig. 2(b) . The capacitance C m can be expressed in the following form:
where C w , C w1 and C w2 are the capacitances caused by the insulating pipe, and C m is the capacitance caused by the dielectric material distribution in the imaging area. Equation (1) indicates that C w is also a source of standing capacitance. Theoretically, C w can be eliminated by extending the radial earthed screen into the pipe wall as far as possible. In most cases, however, it is not practical either because mechanical construction limitation or vessel/pipe pressure requirements. Even if C w is completely removed, there still exists standing capacitance C l , e.g. the value of C m when the imaging area is filled with low permittivity material. Up to now, methods to deal with these parts of standing capacitance have not yet been reported.
B. Differential Capacitance Sensor
The differential capacitance structure enables direct measurement of the capacitance changes [15] - [17] , which is a desired feature in ECT measurement. However, ECT sensor is composed of an array of capacitance electrodes, and its measurement set shall include all capacitances of any possible electrode pair combination. Two types of differential electrodes may be used in an ECT sensors, as illustrated in Fig. 3 .
For type I, the measuring electrodes and the differential electrodes can be viewed as a twin-plane ECT sensor. Axial driven guard electrodes are also included in the sensor. Two sine-wave voltage signals of the same amplitude but opposite phase, e.g. V(t) and -V(t), are applied to the two planes, respectively. In this case, the C/V circuit outputs zero when the capacitances of the upper and bottom planes are balanced. This is true for any axially uniform distributions in the sensor, e.g. sensor filled with low or high permittivity materials. This feature may be of interest in some cases while it may be unacceptable in many other applications. Alternatively, the differential electrode plane can be kept filled with background dielectric material and integrated into ECT measurement circuits whenever possible.
As shown in Fig. 3 (b), another configuration is presented with the differential electrode placed at the outer side of each measuring electrode. Each measuring electrode is accompanied with a differential electrode, as shown in Fig. 4 
(a).
As shown in Fig. 4(b) , the capacitance C m between measuring electrodes E m1 and E m2 and the capacitance C d between differential (reference) electrodes E d1 and E d2 are different but can be balanced by adjusting C d .
An equivalent measuring circuit for the differential sensor is shown in Fig. 4(c) with the equivalent points of E m1 , E m2 , E d1 and E d2 indicated. By applying two sine-wave signals, i.e. V(t) and -V(t), to electrodes E m1 and E d1 , respectively, the currents flowing through electrodes E m2 and E d2 are of opposite polarity. By connecting electrodes E m2 and E d2 together to an AC based C/V circuit, the currents are summed at the inverting input of operational amplifier and converted into a voltage signal with its amplitude proportional to the value of (C m -C d ).
Since E m2 and E d2 are both held at the virtual ground, there is actually no potential difference between electrodes E m2 and E d2 , which will not cause any current flowing through C p2 . At the same time, the parasitic capacitance C p1 is driven by the two voltage sources directly. It does not produce current flowing through the capacitance C m and C d . Therefore, the parasitic capacitances C p1 and C p2 do not affect the output signal of the AC based C/V circuit. Fig. 5 (a) shows a proposed measuring circuit which is termed as the bridge type structure in which the difference between the measured capacitance C m and a balancing capacitance C d are fed into an AC based C/V circuit. With the bridge structure, the standing value of the sensor capacitance can be balanced to reduce the input offset of the transducer.
C. The Differential C/V Circuit
Compared with the circuit shown in Fig. 5 (b) , the bridge structure provides a higher sensitivity and wider input dynamic range, and also avoid circuitry noises caused by the additional circuits. The bridge structure measuring principle can be implemented by modifying the AC based C/V circuit to a differential version, as shown in Fig. 6 .
The circuit employs two sine-wave signals of opposite phases for excitation. The circuit shown in Fig. 6(a) is in its excitation mode. The two sine-wave excitation signals, e.g. V i (t) and -V i (t), are applied to a pair of electrodes. The electrodes can be turned into detection mode by reversing all switches, as shown in Fig. 6(b) . The currents received from the two electrodes are summed and fed into an amplifier to produce a voltage output V o , which is given by:
where ω is the angular frequency of the excitation signal, R f and C f are feedback resistor and capacitor. When resistance feedback is selected to be the dominant factor, e.g. 1/(ωC f ) R f , equation (2) becomes
This output signal is amplified and filtered by signal conditioning circuit and sampled by a high-rate ADC (analogue-to-digital converter, AD9240). The digital signals are fed to and demodulated in FPGA [18] , [19] . Two reference signals that are in phase and quadrature with the excitation signal are used to produce two demodulation results that correspond to the real and imaginary parts of the signal, respectively. Finally, the amplitude and phase shift of 
where A x and A y are the in-phase and quadrature components of the demodulation result, respectively.
III. RESULTS AND DISCUSSIONS
A. Numerical Simulations
An ECT sensor with 8 measuring electrodes and 8 differential electrodes is shown in Fig. 7 . The internal diameter of the sensor is 60 mm. The diameters for measuring electrodes, differential electrodes and outer screen are 70, 80 and 100 mm, respectively. Radial screens are also included between the measuring electrodes. The background permittivity in the imaging area is ε 0 , and the permittivity of the pipes is 4.2 ε 0 .
Electric potential distributions are obtained with two balls (permittivity: 4.2 ε 0 ) in the imaging area for both configurations, e.g. non-differential and differential, as shown in Fig. 8 (a) and (b) . The colors of contour lines in the two figures differ from each other due to color bar differences, which does not imply differences of electric potential. The electric potentials along the horizontal diameter are plotted in Fig. 8(c) .
The potentials obtained from the differential configurations are slightly lower than the non-differential configuration. The potential difference increases to 19.7 mV at excitation electrode. This can be explained by the electric field leakage from the differential electrode which goes through the gaps between measuring electrodes.
The inter-electrode capacitances can be determined from electric potential distribution by the following formula:
where ε(x, y) is the permittivity distribution in the imaging area, V is the potential of the excitation electrode, φ(x, y) is the potential distribution, and is the electrode surface. Fig. 9 (a) shows a typical set of simulation results obtained from the ECT sensor using non-differential configuration, e.g. without the negative excitation signal as in a conventional ECT sensor, giving the capacitances between the excitation electrode (electrode 1) and electrodes 2 to 8 in turn. Fig. 9 (a) illustrates the standing capacitances C l when the pipe is empty and the capacitance C h when the pipe is filled with high permittivity material (4.2ε 0 ).
With a non-differential configuration, the ratio of capacitance change of an adjacent electrode pair (pairs 1-2 or 1-8) is only 13.7%, while the standing capacitance takes up 86.3% of the measurement. At the same time, the capacitance of adjacent electrode pair (pair 1-2) is 39 times greater than the opposing electrode pair (pair [1] [2] [3] [4] [5] . In this case, the capacitance measuring circuit must be of high precision as well as high dynamic range for successful measurement. With a differential sensor, the standing capacitance of an adjacent electrode pair decreases to 46.4%, while capacitance change takes up most the measurement, i.e. 53.6%, as shown in Fig. 9 (b) . The ratio of adjacent electrode capacitance to opposing electrode capacitance falls to 5.2. The reduction in the range of measured capacitance brings benefits to the measuring circuit, e.g. by allowing higher gains to be used in the C/V circuit and hence higher sensitivity and SNR. While the standing capacitances are greatly reduced, the capacitance changes have not been significantly affected, as listed in Table 1 .
In ECT, normalised capacitances are used for image reconstruction, which are given by:
It can be found that the normalised capacitance is the ratio of capacitance change to its dynamic range. Instead of calculating (C m -C l ) after data collection, the subtraction is effectively carried out prior to the differential C/V circuit.
B. Experiments
Simulations are only proof of concepts and should be considered with caution. Therefore, a prototype ECT sensor and measurement system have been designed to verify the proposed design.
An ECT sensor with 8 measuring electrodes and 8 differential electrodes was developed to validate the proposed sensor, as shown in Fig. 10 . The sensor is composed of three co-axial Perspex pipes of 300 mm length and 70, 80 and 100 mm outer diameters, respectively. The measuring electrodes and differential electrodes are equally spaced on the circumferences of the 70 and 80 mm pipes, respectively. Outer earthed screen is made on the 100 mm pipe. The opening angle of each electrode is 40.5 degree. All electrodes and screen are made of copper foils of 35 μm thickness. The 80 and 100 mm pipes are fixed together, while the 70 mm pipe is made removable and rotatable. While the differential sensor is composed of all three pipes, a conventional ECT sensor can be formed by removing the 70 mm pipe, which has been employed as the object of the comparative study.
The PCB layout of the differential C/V circuits is made a relatively mature design of the conventional C/V circuit. There are two main differences in the circuits: (1) a DG413 integrated chip is added to each channel to handle the differential electrode, and (2) the feedback resistor R f in the differential C/V circuit is changed to 150 k , while it was 30 k in the conventional design. DG413 is an integrated chip consisting of quad SPST (single-pole, single throw) analog switches. It is used for alternating electrode states, e.g. excitation or detection. Note that no feedback capacitor C f is used in both circuits in order to achieve high gain. Except for the two differences, the two C/V circuits are made identical to each other. However, there always will be parasitic capacitances as a result of the PCB layout, and so forth. Therefore, the gain of the C/V circuit is not solely dependent on feedback resistor R f , but also the parasitic capacitance in the feedback network and the applied signal frequency.
In the experiments, the digital demodulation function is implemented on an FPGA based digital platform, which is of modular design and can be configured into a number tomographic modalities by adding proper front-ended analog electronics [18] , [19] .
The standing capacitances and changes in capacitances for the differential and non-differential sensors are shown in Fig. 11 . It can be found in Fig. 11(a) that standing capacitances from the differential sensor are reduced by ∼80% as compared with the conventional sensor. As shown in Fig. 11(b) , the changes in capacitances are obtained for the sensor filled with low and high permittivity materials, i.e. air (ε 0 ) and dry sands (∼4ε 0 ), respectively. It can be found that the changes in capacitances are close to each other for the two sensors, despite significant differences in the standing capacitances.
Note that the capacitance measurements taken from the differential sensor are proportional to (C m -C d ) as defined by (3). C ml and C mh are the values of C m when its sensing area is filled with low and high permittivity materials, respectively. Since C l = C ml -C d and C h = C mh -C d , it is possible with the differential sensor to adjust the values of C h and C l by trimming C d . For example, when the gap between 80 mm and 100 mm pipes is filled with dry sands, C d increases while C h and C l decrease accordingly, as shown in Fig. 12 . In this case, the value of C l becomes negative when C d is large enough.
To estimate the performance of the proposed method, the signal-to-noise ratio (SNR) in relation to the usable measurement range is calculated, which is defined as where C i andC are the i -th measurement and the mean value, respectively, when the sensor is filled with air.
Note that, in most cases, it is C h or C l rather than (C h -C l ) that is used for calculating SNR. Consider that the normalised capacitances are used for image reconstruction in ECT, which are actually the ratio of capacitance change to the dynamic rage (C h -C l ). Therefore, the definition of SNR by (7) is more meaningful to ECT imaging. Consider that C h or C l in the non-differential sensor are greater than the differential sensor while (C h -C l ) in both sensors are closer as indicated by Fig. 11 , it is also fairer to compare the SNR performance using (9) .
To calculate the SNR, 1000 consecutive data frames are obtained. As shown in Fig. 13 , it can be found that the proposed method has advantage in most channels. And an average increase in SNR of 10.8 dB is achieved. It could also be found that the SNR improvements in the channel of nonadjacent electrode pairs are greater than the adjacent electrode pairs.
In addition, the statistical data for the SNRs are calculated and listed in Table II , in which the variation σ is defined by:
where x i and μ are the SNR of the i -th channel and the average SNR, respectively.
As a multi-channel measurement system, the overall performance of an ECT system depends on its lowest channel SNR as well as the average SNR. Therefore, the smaller SNR variation and higher average SNR offered by the differential sensor means better overall performance.
Three flow patterns frequently seen in ECT measurements are tested. Normalised capacitances for each distribution are calculated by (6) , as shown in Fig. 14 . In the experiment, the rod is a tube of 28 mm diameter filled with dry sands. The sensitivity map for the differential sensor is obtained using FEM simulation [20] . The images, as shown in Fig. 15 , are reconstructed using Linear Back-Projection (LBP) and Tikhonov regularization algorithms, respectively [11] , [21] . 
IV. CONCLUSIONS AND RECOMMENDATIONS
In ECT measurement, standing capacitance takes up most of the dynamic range of the capacitance measuring circuit. The radial screen only partially reduces the standing capacitance of adjacent electrode pair. In addition, the capacitance due to vessel/pipe wall C w and the low calibration capacitance constitute a large part of the standing capacitance. Methods to deal with these factors have not yet been investigated previously. This paper proposed a novel differential ECT sensor which aims to addresses these issues.
The results of numerical simulations, in the form of the electric potential distributions and inter-electrode capacitances for non-differential and differential sensors were presented. It was shown that the differential sensor exhibits similar electric potential distribution as the conventional sensor within the imaging area. Thus, a similar sensitivity map for the differential sensor can be expected. At the same time, smaller standing capacitances are obtained from the differential sensor. Therefore, a differential sensor can be used to reduce the standing capacitances while it brings very little impact on the calculation of forward and inverse problems.
An ECT differential sensor together with the differential C/V circuit have been developed to evaluate the proposed method. The experimental results show that the standing capacitances can be reduced by ∼80% with the differential sensor. The average SNR in relation to the dynamic measurement range has been increased by 10.8 dB with the proposed method. Moreover, the SNR variation across all measurement channels in the differential sensor is smaller than the non-differential sensor. Note that ECT system is a multichannel measurement system, the SNR performance depends on its average SNR as well as the lowest channel SNR. Therefore, it can be concluded that the differential sensor offers a better overall SNR performance.
In addition, there still exists ways for a differential C/V circuit to improve SNR further. For example, it is now possible to dispense with the use of programmable gain amplifier (PGA), which has usually been used for expanding the dynamic range, but also increased the system complexity and noise level.
The sensor structure is not limited to the co-axial differential sensor as suggested in this paper. It is also possible to employ two separate sensor planes to construct a differential sensor, as shown in Fig. 3(a) . This type of differential sensor might be suitable for imaging vessel flows, e.g. the mixing and separation processes. Theoretically, the standing capacitances in such differential sensors might be completed removed.
